The growth kinetics of the reaction layers formed in the flip chip joints using Cu-cored Sn-5 mass%Ag balls was investigated. In particular, the effect of Ni coating over the Cu core was investigated on the microstructures of flip chip joints with Ni/Au plated Cu pads after reflow soldering and the subsequent heat exposure at 373 K, 398 K and 423 K. A Ni-Sn reaction layer formed at the Cu core/Sn-5Ag interface in the joint using the Cu-cored Sn-5Ag ball with Ni coating over the Cu core with reflow soldering. A similar Ni-Sn reaction layer formed at the joint interface between the Sn-5Ag solder and the Ni/Au plated Cu pad with reflow soldering. The growth rates of those Ni-Sn reaction layers following the subsequent heat exposure were slower than that of the Cu-Sn reaction layer formed at the Cu core/Sn-5Ag interface in the joint with the Cu-cored Sn-5Ag ball without Ni coating over the Cu core. In this study, the activation energies of the growth of the reaction layers and the shear load of the joint were also investigated.
Introduction
Area-array-type packages such as ball grid array (BGA), chip-scale package (CSP) and flip chips have been used in many electronic packages because of their many merits. They can supply higher input/output counts, higher density and higher electronic performance than conventional surface mount devices. Generally, solder balls have been used to assemble BGA and CSP packages on printed wiring boards. Since solder balls melt in the reflow soldering process, it is difficult to control the solder joint height and the coplanarity of the package after reflow soldering. The solder joint height is very important factor for thermal fatigue due to the coefficient of thermal expansion mismatch between package and substrate materials. It is effective to make the solder joint height higher in order to improve the thermal fatigue lives of solder joints.
Cu-cored solder balls are expected to control the solder joint height higher and hold the excellent coplanarity. Because the Cu core does not melt in the reflow soldering process, the joint height can be held at least higher than the diameter of the Cu core and becomes relatively uniform. Moreover, Cu has superior electrical and thermal conductivities, and thus many studies on Cu-cored solder balls have been performed for BGA applications. [1] [2] [3] [4] [5] Recently, the flip chip application using the Cu-cored solder balls has been also reported. 6) The present study was conducted to investigate the microstructures of flip chip joints using Cu-cored lead-free solder balls and the growth kinetics of the reaction layers formed at the joint interfaces. The growth of the reaction layer under thermal storage conditions affects on the reliability of the joint. Since the reaction layer is generally stiffer than the solder and its growth often causes void formation at the joint interface, the crack initiation occurs easily at the joint interface following the growth of the reaction layer. Thus, excess growth of the reaction layer can diminish the thermal fatigue live of the flip chip joint. In this study, Ni coating was performed over the Cu core in order to prevent the rapid growth of the reaction layer at the joint interface, and the effects of Ni coating over the Cu core on the microstructure and the growth kinetics of the reaction layer were investigated. Moreover, the ball shear test was conducted in order to investigate the influence of the growth of the reaction layer on the joint strength.
Experimental Procedure
Cu-cored solder balls were prepared with electroplating of 20 mm thick Sn-5 mass%Ag solder coating on Cu balls with a diameter of 70 mm. For Cu-cored solder balls with Ni coating over the Cu core, Ni-10 mass%P coating was performed over the Cu core surface by electroless plating method. The thickness of the Ni-P coating layer was approximately 1 mm.
FR-4 substrates designed for flip chip bonding were prepared in this study. They have Cu pads 80.6 mm in diameter on which surface Ni-P/Au coating was performed by electroless plating method. The composition and the thickness of the Ni-P layer were Ni-10 mass%P and 5.3 mm, respectively. Gold flash plating was performed on the surface of the Ni-P layer. The thickness of the gold flash plating layer is approximately 0.05 mm.
The Cu-cored solder balls were placed on the substrate pads with water-soluble flux manually. The Cu-cored solder balls were reflowed with an infrared image furnace. The specimens were heated from room temperature to 525 K in 120 s, and held at the temperature for 60 s. Then, the specimen was cooled from 525 to 393 K in 60 s and subsequently allowed to cool naturally. Reflow soldering was performed in N 2 atmosphere. After reflow soldering, the specimen was cleaned with methyl alcohol in order to remove flux residue. The flip chip joints were subjected to additional heat exposure at 373 K, 398 K, 423 K for the aging time ranging from 360 to 1800 ks.
Ball shear test was performed at a shear rate of 0.25 mm/s in order to investigate the joint strength. The tip of the shear tool was set 3 mm upper the surface of the solder resist, which corresponds to the surface of the substrate. The gap between the surface of the solder resist and the surface of the substrate pad was approximately 12 mm.
The cross-sections of the specimens were observed using a scanning electron microscope (SEM) and an electron probe X-ray microanalyzer (EPMA) in order to investigate the microstructural evolution of the joints. Figure 1 shows general views of cross-sections of joints after reflow soldering. A few micro-meter thick reaction layers are observed in both the Cu core/Sn-5Ag and the pad/ Sn-5Ag interfaces in each joint. The reaction layers have not enough thickness to perform EPMA quantitative analysis. The EPMA line analysis indicated that Cu and Sn were mainly detected in both the Cu core/Sn-5Ag interface and the pad/Sn-5Ag interface in the joint using Cu core without Ni coating. 7) Therefore, the reaction layers formed at both interfaces in the joint using Cu core without Ni coating consist of Cu and Sn. On the other hand, Ni and Sn were mainly detected in both the Cu core/Sn-5Ag interface and the pad/Sn-5Ag interface in the joint using Cu core with Ni coating from the results of EPMA line analysis.
Results and Discussion

Initial microstructure
7) The reaction layers formed at both interfaces in the joint using Cu core with Ni coating consist of Ni and Sn. Moreover, It was found that a thin Ni layer was remained over the Cu core after reflow soldering from the EPMA line analysis. 7) 3.2 Microstructures after heat exposure Figure 2 shows the microstructures of the joints after reflow soldering and subsequent heating at 423 K for 1800 ks. Compared to the microstructures in Fig. 1 , the growth of the reaction layer are observed at the interfaces in each joint. Table 1 lists EPMA quantitative analysis results for the reaction layers in the interfaces shown in Fig. 2 . Assumption phases are also indicated in Table 1 , inferring from analysis data and Cu-Sn 8) and Ni-Sn 9) phase diagrams. In the case of the joint using the Cu-cored Sn-5Ag ball without Ni coating over the Cu core, Cu-Sn compounds grow at both the Cu core/Sn-5Ag and the pad/Sn-5Ag interfaces. On the other hand, in the case of the joint using the Cu-cored Sn-5Ag ball with Ni coating over the Cu core, Ni-Sn compounds grow in both the Cu core/Sn-5Ag and the pad/ Sn-5Ag interfaces. Although NiSn 3 phase is not found in the Ni-Sn phase diagram, 9) the formation and fast growth of metastable NiSn 3 phases have been reported at the heat exposure temperature below 433 K. 10) Since the heat exposure was performed at 423 K in this study, NiSn 3 phases probably form at the interfaces in the joint using the Cu core with Ni coating. Figure 3 shows the relationship between the thickness of reaction layers formed at the interfaces and the heat exposure time for the Cu core/Sn-5Ag interfaces. The growth rate of the reaction layer at 423 K is much faster than those at 398 K and 373 K, although the growth rates of the reaction layers at 398 K and 373 K are very similar. The thickness of each reaction layer increases with increasing the heat exposure time. A linear relationship is obtained between the thickness of the reaction layer and the root of the heat exposure time. Therefore, the growth kinetics of the reaction layer obeys the parabolic low. Moreover, the Cu-Sn reaction layer formed in the joint using the Cu core without Ni coating grows faster than the Ni-Sn reaction layer formed in the joint using the Cu core with Ni coating. Therefore, it is clarified the Ni coating over the Cu core is effective to depress the growth of the reaction layer formed at the Cu core/Sn-5Ag interface. Figure 4 shows the relationship between the thickness of reaction layers formed at the interfaces and the heat exposure time for the pad/Sn-5Ag interfaces. Since a linear relationship is also obtained between the thickness of the reaction layer and the root of the heat exposure time, the growth kinetics of the reaction layer obeys the parabolic low. The Cu-Sn reaction layer formed in the joint using the Cu core without Ni coating grows a little faster than the Ni-Sn reaction layer formed in the joint using the Cu core with Ni coating, but its difference is negligible. In order to grow the Cu-Sn reaction layer at the pad/Sn-5Ag interface, the Figs. 3 and 4 , the growth rate of intermetallic compounds is given by the following relationship:
Growth kinetics of reaction layers
where X is the thickness of the reaction layer, K is the growth rate constant, t is the annealing time, D is the diffusion coefficient and k is constant. The activation energy of the growth of the reaction layer can be calculated from an Arrhenius plot for K, which is investigated from the slope of the line shown in Figs. 3 and 4. Figure 5 shows Arrhenius plot results for the growth of the reaction layers formed at the joint interfaces. For the Cu core/Sn-5Ag interfaces, the apparent activation energies of the growth of the reaction layers were investigated 131 kJ/ mol and 87.4 kJ/mol, for the Cu-Sn reaction layer formed in the joint using Cu core without Ni coating and the Ni-Sn reaction layer formed in the joint using Cu core with Ni coating, respectively. The activation energy of the growth of the Cu-Sn reaction layer is much higher than those of previous works; 66 kJ/mol for the Sn/Cu interface, 11) 64.82 kJ/mol for the Sn-3.5 mass%Ag/Cu interface, 12) 52 kJ/mol for the Sn-3 mass%Ag-5 mass%Bi/Cu interface. 13) In this study, the surface area of Cu core decreases following the growth of the reaction layer at the joint interface because the Cu core has spherical shape. Cu atoms diffusing from the Cu core to the interface between the Sn5Ag solder and the Cu-Sn reaction layer relatively decreases. Thus, the apparent activation energy of the growth of the reaction layer may increase due to such a shape effect. In order to clarify the effect of the decrease of the Cu core surface area on the growth kinetics of the reaction layer, further study using Cu core balls with several diameters is required.
The apparent activation energy of the Ni-Sn reaction layer is relatively close to 72.54 kJ/mol for the growth of the Ni-Sn reaction layer at the interface between Sn-3.5Ag and immersion Au/Ni-P/Cu pad. 12) For the pad/Sn-5Ag interfaces, the apparent activation energies of the growth of the reaction layer were investigated 22.3 kJ/mol and 85.7 kJ/mol, for the Cu-Sn reaction layer formed in the joint using Cu core without Ni coating and the Ni-Sn reaction layer formed in the joint using Cu core with Ni coating, respectively. The Cu-Sn reaction layer formed at the Ni pad/Sn-5Ag interface in the joint using Cu core without Ni coating. As described above, the long-term diffusion process of Cu atoms in the solder layer is required to grow the Cu-Sn reaction layer. However, the activation energy became such a low value, which is close to the activation energy for the grain boundary diffusion. 14) Further study is required to clarify the meaning of this activation energy. The apparent activation energy of the Ni-Sn reaction layer formed at the pad/Sn-5Ag interface is close to that of the Ni-Sn reaction layer formed at the interface between Sn5Ag and the Ni coated Cu core. Figure 6 shows the ball shear measurement results for the joints annealed at 423 K. Although the ball shear load decreases a little with increasing annealing time, that change is slight. Similar tendency was observed in the joints annealed at 373 K and 398 K. Figure 7 shows the microstructure of the ruptured joint after the ball shear test. The rupture occurs in the solder layer. The similar rupture mode was observed in all specimens investigated in this study.
Joint strength
Since the rupture mode does not change, the joint strength was relatively stable under annealing conditions investigated.
Conclusions
In this study, the growth kinetics of the reaction layers in the flip chip joints using Cu core solder balls was investigated. In particular, the effect of Ni coating over the Cu core was investigated on the microstructures of the flip chip joints with Ni/Au plated Cu pads after reflow soldering and the subsequent heat exposure. The following results were obtained.
(1) Using Cu-cored Sn-5Ag balls with Ni coating over the Cu core, the growth rate of the reaction layer formed at the Cu core/Sn-5Ag interface can be depressed. (2) The Ni-Sn reaction layers grow at both the Cu core/Sn5Ag and the pad/Sn-5Ag interfaces in the joint using the Cu core with Ni coating. The growth rates of the reaction layers are relatively slow. The apparent activation energies of the growth of the Ni-Sn reaction layers were investigated 87.4 kJ/mol for the reaction layer formed at the Cu core/Sn-5Ag interface and 85.7 kJ/mol for the reaction layer formed at the pad/ Sn-5Ag interface. (3) The Cu-Sn reaction layer grows at the Cu core/Sn-5Ag interface in the joint using the Cu core without Ni coating. The growth rate of this layer is faster than that of the Ni-Sn reaction layer formed at the Cu core/Sn5Ag interface in the joint using the Cu core with Ni coating. Although the Cu-Sn reaction layer also grows at the pad/Sn-5Ag interface, the growth rate of this layer is slower than that of the Cu-Sn reaction layer formed at the Cu core/Sn-5Ag interface, and is close to those of the Ni-Sn reaction layers formed at the interfaces in the joint using the Cu core with Ni coating. The apparent activation energies for the growth of the Cu-Sn reaction layers were investigated 131 kJ/ mol for the reaction layer formed at the Cu core/Sn5Ag interface, and 22.3 kJ/mol for the reaction layer formed at the pad/Sn-5Ag interface. (4) The joint strength was relatively stable after annealing at 423 K for 1800 ks because the rapture mode does not change.
